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Abstract Understanding the spatial distribution of
organisms and the factors underlying it are key questions in
ecology. Two competing hypotheses exist about the form
of spatial variation in abundance. The abundant centre
hypothesis suggests that abundance is highest in the centre
of a species’ range and declines towards the range margins.
By contrast, the peak and tail spatial pattern in abundance
posits that several high abundance areas exist across a
species range. Here, we test these competing hypotheses by
surveying the abundance of the keystone plant species
Azorella selago Hook. f. (Apiaceae) across sub-Antarctic
Marion Island on a regular spatial grid. We also examine
several factors that might explain variation in abundance.
Azorella selago occurs between ca. 30 and 850 m above
sea level, with sharp discontinuities in abundance at ca.
30 m and at 667 m a.s.l. The survey and analyses revealed
a complex abundance structure with patches of high
abundance alternating with areas of low abundance or
absence, providing support for the peak and tail hypothesis,
but with some support for the abundant centre idea too.
Variation in abundance was best explained by a model
including the negative effects of elevation and of closed
vegetation. Our work provides support for the peak and tail
pattern of spatial variation in abundance, which has pro-
found importance for understanding the mechanisms
underlying the spatial distribution of abundance and other
macroecological regularities.
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Introduction
Two of the most fundamental ecological characteristics of
any species are its distribution and abundance. Much of
ecology has focussed on understanding not only the
determinants of species abundances and population sizes,
but also how these translate into spatial variation in sites
occupied (occupancy) and eventually the distribution ran-
ges that characterise all species (McGeoch and Gaston
2002; Gaston 2003; Samaniego and Marquet 2013).
Indeed, spatial variation in the distribution of individuals at
multiple scales and the aggregation of individuals is con-
sidered central to a unified theory of macroecology,
prompting calls for a better understanding of it (McGill
2010).
Early theory suggested that spatial variation in abun-
dance typically assumes a Gaussian form, sometimes
known as the ‘abundant centre hypothesis’, such that a
species reaches its highest densities at the centre of its
geographic range with density gradually declining towards
the range edge (Brown 1984). Later work showed that
spatial patterning is more intricate, demonstrating that
environmental gradients (such as those associated with
topographic variation) result in a spatially variable abun-
dance structure, which is not typically Gaussian (e.g.
Sagarin and Gaines 2002a, b; McGeoch and Price 2004).
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Rather, abundance more usually follows a peak and tail
pattern with several (1–5) peaks of very high abundance,
which rapidly and smoothly drop off to a long tail of
abundance one to two orders of magnitude lower than the
peaks (McGill and Collins 2003). Clearly, these alterna-
tives depend to some extent on spatial scale, but as McGill
and Collins (2003) note: ‘Although a symmetric pattern
with the peak in the centre (i.e. Gaussian) is not uncom-
mon…it is also common to find asymmetric, non-centred
and multipeaked distributions’.
The number of studies that has sought to empirically
examine these contrasting ideas remains rather limited (e.g.
Murphy et al. 2006; Samis and Eckert 2007; Lee et al.
2009). Moreover, several of these studies are complicated
either by the use of presence only data or by the use of
existing data records collated from multiple sources, rather
than direct, systematic surveys (see discussion in Sagarin
and Gaines 2002b; Sagarin et al. 2006). In consequence,
much remains to be understood about the spatial distribu-
tion of individuals, including the prevalence and pattern of
aggregation, and the ubiquity of the peak and tail pattern.
Such a situation is unhelpful because geographic patterns
in species abundance form an important basis for under-
standing population- and community-level dynamics in
space and time (McGill 2010).
Here, we contribute to current understanding of species
abundance structure across environmental gradients by
quantifying the distribution and abundance of a vascular
plant species, Azorella selago Hook. f. (Apiaceae), across
an entire, self-contained area within its overall geographic
range (sub-Antarctic Marion Island), and by examining the
extent to which the peak and tail hypothesis or Gaussian
alternatives best suit the patterns found. Azorella selago is
an important constituent of sub-Antarctic plant communi-
ties, and one of the major contributors to the aerial cover
and standing crop of Marion Island’s vegetation (McGeoch
et al. 2008). It is a long-lived perennial (le Roux and
McGeoch 2004) and a pioneer species in fellfield com-
munities and deglaciated areas (Huntley 1970; Frenot et al.
1993). Here, it stabilises loose substrates (Haussmann et al.
2009a) and has been shown to act as a nurse plant. At least
sixteen vascular and seventeen non-vascular epiphytic
plants are positively associated with A. selago cushions (le
Roux and McGeoch 2008b, 2010; Haussmann et al. 2010;
le Roux et al. 2013a), which also form an important habitat
for many invertebrate species (Barendse and Chown 2001;
Hugo et al. 2004; McGeoch et al. 2006). Azorella selago is
also common in all habitat complexes on the island,
occurring from sea level to approximately 840 m a.s.l.
(Hedding 2006; le Roux and McGeoch 2008a). As a con-
sequence of its significance in the terrestrial ecosystem and
its wide distribution on the island, it forms an ideal species
for testing the extent to which a peak and tail pattern
applies, and for documenting spatial variation in abundance
given the implications of such variation for other macroe-
cological patterns (McGill 2010).
Therefore, in this study we specifically do the following:
first, we describe patterns in the distribution of the species
across the island. Second, we use these data to test whether
the predictions of the abundant centre or peak and tail
hypotheses are met, so enabling us to determine which of
these two hypotheses can be rejected. Third, we test the
idea that the abundance structure of this keystone species
on Marion Island is correlated with particular environ-
mental variables, notably vegetation type, substrate type,
aspect, slope or elevation as a proxy for abiotic variation in
conditions (see le Roux 2008).
Materials and methods
Study site and species
Field work was conducted on Marion Island (46540S,
37450E) from April 2005 to May 2006. The volcanic,
basalt island has a surface area of ca. 300 km2, rises to
1230 m a.s.l. and has an oceanic climate with a mean
annual temperature of ca. 6.5 C, total annual precipitation
of ca. 1900 mm, generally high humidity and strong winds
(see Chown and Froneman 2008 for an overview). It has
two major biomes: tundra, which predominates in lowland
areas, and polar desert, restricted to high elevations (above
ca. 650 m a.s.l.). Species richness of plants and inverte-
brates is low and only seven vegetation complexes (sub-
divided into twenty-three vegetation communities) have
been recorded on the island (Gremmen 1981; Gremmen
and Smith 2008).
Azorella selago is slow growing (Frenot et al. 1993), and
cushion age has been estimated to be between 30 and
80 years for single cushions of ca. 40 cm in diameter
(cushions vary in size from ca. 7 to 141 cm) (le Roux and
McGeoch 2004). The species has two distinct growth
forms: discrete cushions and large, continuous mats (Frenot
et al. 1993; Mortimer et al. 2008). In both growth forms,
the leaves and stems of the plant typically grow tightly
against each other to create hard, compact surfaces varying
in height and diameter (le Roux and McGeoch 2004). In
the discrete cushion growth form, cushions grow as spa-
tially isolated individuals that are mainly surrounded by
bare ground and rocks (le Roux and McGeoch 2004; le
Roux et al. 2005). The mat growth form comprises flat,
continuous expanses of plant material and often, though not
exclusively, occurs in association with seepages as well as
drainages (Gremmen 1981). Single, continuous mats may
extend over areas as large as 30 9 40 m. Genetic evidence
suggests that mats might either be single, continuous
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cushions or a series of cushions that have merged (Mor-
timer et al. 2008). For analysis, we counted mats as single
cushions (mats were less than 2 m across) because without
genetic analysis it is difficult to discern whether one or
more individuals are involved, but single individuals do
form mats.
Field sampling
Count data for A. selago were obtained using a system of
grid cells placed systematically across Marion Island on a
minute-by-minute basis following Raunkiær (1934)
(Fig. 1). Gridline intersection points were used as sampling
sites, given the systematic sampling approach adopted,
constituting a total of 124 sites across the entire island
(Fig. 1). An 8 m 9 8 m plot (subdivided into sixteen
2 m 9 2 m quadrats to obtain a measure of occupancy for
each plot) was positioned at each site, and the number of
A. selago cushions was counted in each 2 m 9 2 m
quadrat (i.e. 16 quadrats per plot). Although this method
provides a measure of cushion density (number of plants
per 64 m2 plot), for convenience from here on we refer to
the number of plants counted as cushion abundance.
Intersection points were pre-programmed into a hand-held
GPS (Garmin E-trex Vista-C with a barometric altimeter
which was calibrated at least once a day at known alti-
tudes). No sites were compromised by position (i.e. in an
inaccessible position) or by human activity, which is
restricted to the scientific station occupying a very small
area (about 500 9 500 m, see Chown and Froneman
2008). At each site, the following were recorded: vegeta-
tion type (also named vegetation complexes), volcanic lava
type or substrate, aspect (i.e. the direction in which a slope
faces) and GPS coordinate (4-m accuracy). The main
vegetation types (named vegetation complexes by Smith
et al. 2001; Gremmen and Smith 2008) recorded across the
island were as follows. Fellfield (comprising open vegeta-
tion dominated by cushion-forming mosses and A. selago),
Fig. 1 Location and topography of, and the sampling design used on
Marion Island. The left-hand inset indicates the position of the island
in the Southern Ocean. The right-hand inset indicates the sites placed
at 1-min gridline intersection points, with one 8 m 9 8 m plot
(square box) at each site, divided into 16, 2 9 2 m quadrats. The
large cross indicates the position of the scientific station, and the
shading indicates topographic variability
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mire (which includes a variety of both wet and dry mires
dominated by the grass Agrostis magellanica, and in which
A. selago can be found), slope (which incorporates habitats
dominated by Blechnum penna-marina and at times
Acaena magellanica, again including individuals of A.
selago) and polar desert (from which vascular vegetation is
largely missing except for occasional A. selago cushions at
its lower elevations). For substrate type, we used the broad
classification of lava types on the island: black lava, grey
lava and scoria (Boelhouwers et al. 2008), along with
closed vegetation as a class because in that case the
underlying substrate is dominated by a peat layer (Grem-
men and Smith 2008). Aspect was divided into eight cat-
egories corresponding to compass points, but also included
the category flat, which does not have an aspect (see Online
Resource 1 for the classes for each of the non-spatial
variables). Of the 124 sites, 110 were physically surveyed.
Of the remaining 14 sites, anecdotal data were obtained for
three based on observations by geomorphological
researchers (i.e. the researchers documented whether or not
A. selago was present, in these cases it was not), and the
remainder were surveyed using oblique aerial photography
(i.e. aerial photography taken at an angle, and in this case
from a slow-moving Bell 212 helicopter) (see le Roux et al.
2013b). The aspect of the sites that were not physically
visited was estimated using a topographic map (obtained
from the Chief Directorate: Surveys and Mapping, Cape
Town). The elevation of these sites was estimated to the
nearest 10 m using the Marion Island digital elevation
model (originally from the Chief Directorate: Surveys and
Mapping; corrected by Hedding 2006).
Analysis
The GPS coordinates as well as abundance data were
converted to a shapefile and plotted in ArcGISTM 9.1 to
produce a map of the distribution and abundance of A. se-
lago across Marion Island. Two macroecological relation-
ships were quantified to examine whether the species
follows standard expectations for abundance and occu-
pancy, i.e. a right-skewed abundance frequency distribu-
tion and the existence of an occupancy–abundance
relationship (i.e. a positive relationship between the num-
ber of individuals at a site and the number of sub-sites
occupied by those individuals, see He and Gaston 2000), so
assessing whether the current spatial scale of analysis is in
keeping with macroecological expectations (discussed in
Gaston and Blackburn 2000). The abundance frequency
distribution was examined using both untransformed data
and log(10) transformed data using abundance per 8 9 8 m
plot (see Gaston and Blackburn 2000). To investigate the
relationship between plant occupancy (measured as a count
of the number of 2 9 2 m quadrats occupied per plot, see
He and Gaston 2000) and abundance (measured as total
abundance per 8 9 8 m plot), zero values were first
removed and the relationship was examined by fitting a
generalised linear model assuming quasi-Poisson errors
because of overdispersion (Crawley 2013: 580) and con-
ducted in R v. 2.15.1 (R Core Team 2012). The relationship
was illustrated with a plot of log(10) abundance against
occupancy.
The individuals of a species within its geographic range
can be distributed in either of three statistically different
ways, i.e. random, uniform or aggregated (Coomes et al.
1999). To determine whether the distribution of A. selago
across Marion Island was non-random, and if so if it was
even or aggregated (two alternative hypotheses), we
quantified the patterns of aggregation using the 8 9 8 m
plot data and a spatially implicit measure of aggregation,
Morisita’s index (Im), where Im\ 1 indicates a uniform
dispersion and Im[ 1 an aggregated dispersion (Hui et al.
2010). Morisita’s index is independent of total count, mean
abundance and number of grid squares sampled, but is
dependent on the mean number of samples in the sampled
area. The significance of the deviation of Im from 1 was
assessed by calculating the Chi-square statistic. A high v2
value, greater than the critical value at the specified degrees
of freedom, indicates that the value for Morisita’s index is
statistically significantly different from 1 (Hamill and
Wright 1986). We then used geostatistical prediction, by
kriging, as a spatially explicit approach to illustrating the
form of the distribution of individuals across the island
(Rossi et al. 1992). Specifically, universal kriging (Zim-
mermann and Zimmermann 1991) was used to identify
areas of high and low A. selago abundance. The interpo-
lation was performed using ArcGISTM 9.1 Geostatistical
Analyst.
Several suggestions have been made for the ways in
which tests for understanding the abundance structure of
species ranges should be undertaken. For example, Sagarin
et al. (2006) suggested that the balance point (which is the
centroid of the range) should be sought, rather than the
intersection of the longest perpendicular axes as suggested
by Brown (1984), when testing for an abundant centre
distribution. Here, we calculated the balance point of the
range using Sagarin et al.’s (2006) approach and the
8 9 8 m plot data, but with the realisation that for a two-
dimensional distribution across a steep environmental
gradient such a null model is unlikely to be realistic.
Rather, as a null hypothesis, an abundant centre distribu-
tion for Marion Island, which has an approximately central
peak elevation, would be more torus-like, with low abun-
dances at the altitudinal limits and high abundances at mid-
elevation. Should such a distribution be collapsed to a
single dimension, a quadratic, unimodal relationship with
elevation might be expected. The more complex, two-
1884 Polar Biol (2015) 38:1881–1890
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dimensional distribution should readily be visible as a mid-
elevation band of high abundance. We tested whether this
is the case by undertaking polynomial regression of
abundance against altitude in R v. 2.15.1, increasing the
number of degrees from 1 (a standard linear model) to 3.
We then compared the fits of the models against each other
using an ANOVA approach (Crawley 2013) and plotted the
predictions of the best fit onto the abundance by altitude
data. In addition, we used quantile regression, as imple-
mented in the quantreg library in R v. 2.15.1, with a tau
setting of 0.90, to examine the form of the change in the
highest abundance of plants with altitude, and plotted this
outcome on the data too.
To examine the form of the spatial abundance patterns,
we plotted the interpolated distribution obtained from the
kriging (see above). We then sought to determine whether
a consistent relationship nonetheless exists between abun-
dance and latitude, longitude, vegetation type, substrate
type and aspect using the 8 9 8 m plot data on abundance.
Several methods exist for examining the factors to which
abundance may be most strongly related (Legendre and
Legendre 1998; Zuur et al. 2009; Crawley 2013). Because
absence data, i.e. zeros, were included, we used a two-part
or hurdle model (Zuur et al. 2009: 271) as implemented in
the pscl package of R (Jackman 2012). Here, a binomial
model is first used to model the probability that a zero
value is observed. That is, what circumstances determine
whether an individual is likely to be present or absent?
These may be very different to the circumstances that
determine abundance once conditions for presence are met
(Zuur et al. 2009: 273). In consequence, they need to be
assessed first and separately from the circumstances that
might determine abundance variation. Thereafter, the fac-
tors influencing abundance variation are assessed—that is
one has to get over a ‘hurdle’ to do so, explaining the name
of the models (Zuur et al. 2009: 273). To examine the
factors influencing abundance variation, either a truncated
Poisson or truncated negative binomial model is used to
model the nonzero observations. We used a likelihood ratio
test, as implemented in the R package lmtest (Zeileis and
Hothorn 2002) to examine which of the latter was most
appropriate and therefore used the truncated negative
binomial. The independent data were abundance, and the
dependent data were categorical based on the classes for
vegetation type, aspect and substrate, and continuous data
for elevation, latitude and longitude.
Results
A total of 3578 discrete A. selago cushions was recorded,
and the estimated cushion density was 6.48 m-2 (±0.68
SE) in sites occupied by discrete cushions. Of the occupied
sites, 83 % were occupied by discrete cushions and 17 %
by mats (Fig. 2a). The species was absent in the centre of
the island (Fig. 2a). Discrete cushion abundance ranged
from 1 to 208 cushions per plot with an altitudinal range of
between 30 and 667 m a.s.l. Three sites had abundances
greater than 150 cushions per plot, situated on the south-
east and north sides of the island (Fig. 2a).
Most plots included 1–50 cushions, and the abundance
frequency distribution (at the plot scale) was clearly right-
skewed (Shapiro–Wilk W = 0.7648; p\ 0.0001; skew-
ness = 1.7558; kurtosis = 3.1328) (Online Resource 2).
Log-transforming the data did not fully normalise it, and
indeed, the distribution became left-skewed (Online
Fig. 2 a Distribution of Azorella selago abundance across Marion
Island. The clear circles represent areas where A. selago was absent;
The cross-hashed circles are
sites with A. selago mats. The arrow indicates the balance point of
the range (see text for detail). b The interpolated pattern of abundance
of A. selago across Marion Island. The white areas represent sites
where A. selago was absent and the black areas represent sites where
cushion abundance was[150 cushions per plot
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Resource 2) (Shapiro–Wilk W = 0.7604; p\ 0.0001;
skewness = -0.0156; kurtosis = -1.8605). As expected,
log abundance and occupancy were strongly and positively
related (generalised linear model, t = 4.304, p\ 0.0001)
(Fig. 3).
Morisita’s index was significantly greater than 1.0
(Im = 1.72), and the calculated v
2 value was greater than
the critical value at p\ 0.05. Thus, the abundances of
A. selago across plots were significantly aggregated. The
spatially explicit, geostatistical description of A. selago
abundance illustrated clear patchiness in the distribution
and abundance of A. selago across Marion Island, with four
to five clear, high density peaks distributed around the
island (Fig. 2b). The balance point of the range was found
to be at approximately 4654.3000S, 3745.3000E (Fig. 2a),
though clearly this point reflects the geography of the
island rather than an area of high abundance or occupancy.
By contrast, a significant third-order polynomial relation-
ship between abundance and altitude (Table 1; Fig. 4)
provided statistical evidence in support of a peak in
abundance between 200 and 300 m a.s.l. (the ANOVA
indicated a better fit than either the first-order or second-
order polynomials, p\ 0.03 in all cases). Although the
highest absolute abundances in any one plot were found
between ca. 300 and 400 m (Fig. 4), the 0.90 quantile
regression indicated that, typically, maximum abundances
declined almost linearly with altitude (Table 1).
In the initial hurdle model, neither aspect nor vegetation
type had significant effects in the model and were therefore
excluded. However, the model without these terms had a
larger Akaike information criterion value than the one
retaining them (AIC 734.2 vs. 715.5); thus, the outcome of
the latter is considered here (see Online Resource 3 for the
full model outcome). Elevation was the only significant
term accounting for zero values in the binomial model
(z = -2.429, p = 0.0152), with abundance declining at
the higher elevations (Fig. 4). By contrast, weak negative
relationships were found with both spatial variables (lati-
tude z = -2.104, p = 0.035; longitude z = -2.361,
p = 0.018), and a marked negative influence of substrates
dominated by closed vegetation (z = -2.967, p = 0.003)
on A. selago abundance was found.
Discussion
This study provides the first quantification of the abun-
dance structure for a plant species, A. selago, across its
entire geographic range on a small sub-Antarctic island.
While the analysis is partial in the sense that it does not
cover the full range of A. selago (which occurs on several
Southern Ocean islands) (Nicolas and Plunkett 2012), it is
complete in the sense that it covers the full local distri-
bution of the species on an island typically separated by
hundreds of kilometres from the nearest patches of the
same species (with the exception of the 22 km distant and
adjacent Prince Edward Island—Chown and Froneman
2008—which was inaccessible owing to its strict conser-
vation status).
Azorella selago was absent at the centre of the island,
and abundance was consistently high (i.e. typically more
than 20 cushions per plot) below a threshold elevation of
667 m a.s.l. Moreover, no gradual increase or decline in
abundance with elevation was found. Rather, a sharp
increase in abundance was observed at the coastal range
edge (ca. 5 m) and an abrupt stepped decline at 667 m.
These findings are inconsistent with a balance point of
range expectation (Sagarin et al. 2006). By contrast, the
expectation of a mid-elevational peak if the two-dimen-
sional torus expectation was to be collapsed into one
dimensional had some support. The significant third-order
polynomial indicated high abundances on average between
200 m and 300 m a.sl., and the absolute maximum abun-
dances were found at elevations somewhat higher than this,
even though the quantile regression suggested strong
declines in maximal abundance with elevation. Thus, the
areas about midway along the 660-m elevational range
occupied by the species on Marion Island tend to have the
highest abundances (Fig. 4). Nonetheless, high abundance
was patchy and most common at both exposed low and
mid-elevational sites. Large areas of low abundance or
absence were located at the highest elevations as illustrated
by the two-dimensional kriging interpolation.
In consequence, these findings provide some support for
an abundant centre distribution hypothesis for A. selago on
Marion Island, but illustrate that it is not continuous and
symmetric as has previously been suggested (see overview
in McGill and Collins 2003). Rather, 4–5 abundance peaks
were found, with abundances at these peaks typically an
Fig. 3 Relationship between log(10) abundance (per 8 9 8 m quad-
rat) and occupancy of Azorella selago on Marion Island. The fitted
line is that of an ordinary least squares regression (log(10) abun-
dance = 0.089* occupancy ? 0.390, r2 = 0.635, F(1.67) = 119.3,
p\ 0.0001) and is for illustrative purposes only
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order of magnitude greater than those in low abundance
areas. This finding provides support for the hypothesis of a
peak and tail pattern considered most common for species
at larger geographic extents (McGill and Collins 2003).
Moreover, individual abundance was clearly spatially
aggregated, in keeping with patterns found for a range of
other species (McGill 2010). A preponderance of mats on
the western side of the island (and an absence of mats at
high elevations) supported this overall pattern, though the
factors driving mat formation were not explicitly investi-
gated. Indeed, we did not focus on the spatial distribution
of cover, though doing so is clearly an important next step
in understanding the ecological significance of the abun-
dance variation we documented. Likewise, at smaller spa-
tial scales, with finer resolution, other patterns of spatial
variance in abundance may be found (see, e.g. Born et al.
2012), though we are of the view that at the scale and
resolution of our study, other approaches, such as transects,
will reveal similar patterns.
Nonetheless, it might be argued that the abundance and
distribution characteristics of this species across a
relatively small, mountainous island, are unusual, given
that the species is more widely distributed across the region
(Nicolas and Plunkett 2012). However, two lines of evi-
dence suggest that this is not the case. First, the abundance
frequency distribution was typical of what has been found
for many continental species across a wide range of taxo-
nomic groups (Gaston and Blackburn 2000; McGeoch and
Gaston 2002). Second, a strong, positive intraspecific
relationship between abundance and occupancy was found,
which is also typical of many species across a wide range
of scales (Hui and McGeoch 2007). In consequence, in
most ways the macroecology of A. selago is typical,
therefore supporting the strength of the evidence concern-
ing the absence of an abundant centre distribution.
What environmental factors might be responsible for the
complex patterns shown by A. selago is not entirely clear.
The distribution, heterogeneity and availability of suitable
habitat attributes are important factors underpinning spe-
cies abundance and distribution patterns (Brown 1984;
Caughley et al. 1988; Lee et al. 2009), but biotic factors
may also play a role. Overall, it seems that some factors
associated with elevation determine the range limits, as
indicated by altitude being the only significant term
accounting for zero values in the binomial model. By
contrast, abundance generally declines slightly, but sig-
nificantly to the south-east, perhaps reflecting the cooler,
drier conditions in this quadrant of the island (see Chown
and Froneman 2008). Closed vegetation also tends to
reduce abundance, in keeping with experimental findings
where shading of cushions leads to poor performance and
etiolation (le Roux et al. 2005). Thus, the cushions them-
selves may be poor competitors with species that form
closed canopies (Huntley 1972), though such an hypothesis
requires explicit testing.
At lower elevations, the range limit is abrupt. It seems
likely that salt spray, which may be discharged many
metres inland because of rough ocean conditions
Table 1 Outcomes of a third-
order polynomial regression of
Azorella selago abundance on
altitude, and of a quantile
regression (s = 0.90) of
abundance on altitude
Estimate SE t p
Polynomial regression
Intercept 32.6 10.6 3.08 0.003
Altitude 0.204 0.1 2.04 0.044
Altitude2 -0.0005 0.00022 -2.6 0.012
Altitude3 0.0000003 0.0000001 2.4 0.017
R2 = 0.196, F(3,106) = 9.83, p\ 0.0001
Coefficient SE t p
Quantile regression
Intercept 127.6 17.7 7.2 \0.0001
Altitude -0.112 0.02 -5.1 \0.0001
Fig. 4 Relationship between altitude (m) and abundance (per
8 9 8 m quadrat) of Azorella selago on Marion Island. The grey
dots are predicted values from a third-order polynomial, while the
black line is a 90 % quantile regression line (see Table 1). Note the
absence of the species at the highest elevations
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(Gremmen 1981), limits the distribution of the species and
its abundance at coastal sites. It has long been observed
that areas exposed to salt spray on the island support sep-
arate communities dominated by halophilic species such as
Crassula moschata and Cotula plumosa (Gremmen 1981;
Smith et al. 2001). By contrast, interactions among indi-
viduals of the cushion plant itself, which play an important
role as nurse plants in ameliorating abiotic disturbance and
likely providing nutrients, may interact with other factors
to set upper limits to distribution (le Roux and McGeoch
2008b; Nyakatya and McGeoch 2008; Haussmann et al.
2009a, b, 2010).
The most significant of the latter factors is likely one
that has to do with the known sensitivity of A. selago to
low light conditions, resulting in etiolation, cushion dis-
ruption and eventual death (Huntley 1972; le Roux et al.
2005). The most likely explanatory factor in this regard is
permanent snow cover. At present, no permanent snow line
exists on the island (Sumner et al. 2004). By contrast, in the
1960s the permanent snow line was found at approximately
650 m a.s.l., although by the late 1970s it had already
receded to c. 950 m a.s.l. (Hall 1980; Sumner et al. 2004).
Although the highest elevation recorded for A. selago is
currently 840 m (Hedding 2006), its abundance and dis-
tribution are relatively sparse above 650 m. While the
average altitudinal extent of the species has increased with
warming at the island, it has been one of the slowest
responders (le Roux and McGeoch 2008a), likely reflecting
its slow growth and recruitment only under a relatively
restricted set of conditions (le Roux and McGeoch 2004)
and relatively low dispersal distances (Born et al. 2012). In
consequence, it seems likely that the historical snow line is
responsible for current distribution limits. Low recruit-
ment, small dispersal distances and the need for
intraspecific facilitation in ensuring survival, by overcom-
ing substrate movement, frost creep and needle ice
(Haussmann et al. 2009a, b; 2010), are then likely to have
slowed responses to changing climatic conditions, leaving
current distributional limits at the historical snow line.
Alternative explanations should also be considered.
Although a threshold in the abundance of species as shown
by A. selago may indicate a sudden change in abiotic
conditions (Caughley et al. 1988), thresholds may also
arise along shallow gradients where other factors such as
competition come into play (Case and Taper 2000).
However, with the possible exception of competition along
drainage lines at lower elevations, and in warm, moist areas
that favour mire formation (see Gremmen 1981; Yeloff
et al. 2007), competition between A. selago species and
other plants at high elevations and in exposed areas seems
unlikely. At least on Marion Island, the converse is true,
with A. selago facilitating the establishment of other indi-
viduals and other species which grow epiphytically on the
cushions (le Roux and McGeoch 2008b; McGeoch et al.
2008; le Roux et al. 2013a). Moreover, at the highest ele-
vations, virtually no epiphytes are found (le Roux and
McGeoch 2008b) and no other plant species are evident
except for a very poorly developed interstitial cryptogam
flora (Gremmen 1981). Similarly, although one weevil
species feeds on live A. selago, the only herbivore known
to use live material of this species, its abundance and
consumption rates are too low to effect a reduction in plant
viability (Crafford and Chown 1991). Alternatively, the
severity of environmental conditions at the highest eleva-
tions may be the sole driving factor for abundance variation
above 600 m and for range limits. These alternatives
require explicit investigation.
What factors influence the peak and tail distribution
pattern are much more difficult to ascertain without further
analysis. Clearly, mid-elevational sites that are largely free
from closed vegetation are important, and limited dispersal
distances and some absence of needle ice and frost creep
are also important. Specific recruitment requirements may
also play a role. Further work will be required to determine
which of these factors, along with history, are most sig-
nificant, or how they interact. Comparison with current
distribution patterns on nearby Prince Edward Island may
also be important to determine whether extensive burrow-
ing by invasive house mice into the cushions on Marion
Island (Phiri et al. 2009) has played a role in affecting the
spatial pattern of abundance, given that mice are absent on
Prince Edward Island, and this difference between the
islands can substantially alter macroecological patterns
(Treasure and Chown 2014).
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